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The Cosmic Ray Spectrum at Earth
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The Cosmic Ray Spectrum at Earth
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4“4 PeVatrons as multi-messenger sources

- 1 PeV protons plus gas/dust
~ produce

« ~100 TeV photons and
e ~50 T TeV Neutrinos

https://legacy.ifé.hawaii.edu/info/press—releases/ASAS_SN lceCube/ ;
https://solarsystem.nasa.gov/resources/822/cassiopeia-a-supernova-remnant/
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How not to find PeVatrons



Myth 1: Emission > 100 TeV makes a PeVatron

—115

Significance (o)
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» Example: Crab pulsar wind nebula

>10 known sources >100 TeV.
Many show entirely leptonic

emission (leptonic PeVatrons)

Most UHE LHAASO sources have
at least one bright young pulsar in

the vicinity. (Correlation # causation!)

(E. de Ona Wilhelmi et al 2022)
Need in-depth MW spectral and

spatial studies.

Myth 1: Emission > 100 TeV makes a PeVatron

Crab nebula energy spectrum and leptonic model
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Myth 2: The pion bump feature

Pion decay production mode:
spectral break at E ~ 2-mn ~ 280 MeV.

Disentangle hadronic and leptonic
emission modes.

Pion bumps observed in multiple SNR
spectra.

None of them emit > TeV energies!

Pion bump more prominent in soft-
spectrum sources.
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Myth 2: The pion bump feature

https.//www.annualreviews.org/doi/full/10.1146/annurev-nucl-102014-022036
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Myth Hope 3: Neutrinos as smoking guns?
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. ~50 TeV neutrinos guaranteed to accompany ~1 ()() TeV photons from PeVatrons.

* First evidence (4.10) for diffuse neutrino signal >200 TeV from Galaxy.

 Current neutrino observatories lack sensitivity to individual PeVatrons.
13 https://arxiv.org/abs/2208.08423
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Gamma-rays >50 TeV: Gamma-ray morphology:

PeV protons Proton diffusion from Sag A*
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PeV protons in SNR G106.3 +2.7
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PeV protons in SNR G106.3 +2.7
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More of the same?

« Gamma rays (and neutrinos)
=== |[NTEGRAL-JEM-X .
INTEGRAL-ISGR generic features of shock
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What it: Dark Accelerators

Proton acceleration by milli-second

"Naked" PeVatrons? (e.g. isolated pulsars) pulsars explains GC PeVatron.

No 2d4S — NO pi()ns —No Y, N0V & https://iopscience.iop.org/article/10.1088/1475-7516/2018/07/042
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A Wishlist

Round them up: Sensitive Galactic survey in TeV - PeV photons

Weed out the leptons: Multi-wavelength coverage with >degree FoV to constrain
secondary electron population and source environment.

Study in depth: < arcmin angular resolution in TeV - PeV

 Source position: source identification

» Source morphology: Acceleration process, source evolution.

Understand the environment: 3D gas distribution and photon fields in Milky Way.
Cross checks: Diffuse gamma-ray emission, direct CR measurements.

Cherry on top: PeV neutrinos from galactic sources.

22
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PeV protons in SNR G106.3 +2.7
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PeV protons in SNR G106.3 +2.7
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More of the same?
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Gamma rays (and neutrinos)
generic feature of shock
acceleration.

Excellent GeV-TeV coverage
by near-future instruments.

Contamination from Galactic
diffuse gamma-ray background
and other sources.

X-ray limited by source
confusion and source size.

MeV band (Bremsstrahlung)
challenging.

Neutrino detection requires
larger instrumented volume.
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>100 TeV Protons in Cygnus OB2 association
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>100 TeV Protons in Cygnus OB2 association
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OB2 as Origin of Cocoon?

« GeV-TeV spectrum well fit by a pion decay spectrum.
 Leptonic origin unlikely.

» Required energy in CR protons >1GeV : ~1049 erg [preliminary!]
 Kinetic wind Power in OB2: ~1039 erg/s over 2Muyr.

* Need < 1% acceleration efficiency to power gamma-ray emission from
Cocoon.

» First evidence for ~100 TeV protons in star-forming regions?

o Stay tuned for publication!

28
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Energy spectra of > 100 TeV sources
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SWGO: A next-generation VHE y-ray observatory
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Motivation: The Cosmic Ray Spectrum
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Myth 1: emission > 100 TeV makes a PeVatron

M. Breuhaus et al 2021

* Pulsar wind nebula origin of 3 UHE

. HAASO sources.

E. de Ona Wilhelmi et al 2022:

e Most UHE LHAASO sources have at least

one bright young pulsar in the vicinity

* Only exception: LHAASO J2108+5157

Leptonic PeVatrons are rampant!?
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https://www.aanda.org/articles/aa/full_html/2022/04/aa42097-21/aa42097-21.html
https://iopscience.iop.org/article/10.3847/2041-8213/ac66cf

The Southern Gamma-Ray Sky

THE FERMI BUBBLES

/— Invisible to HAWC

HESS GPS

Image Credit; HAWC Colla

(Preliminary)
Invisible to HAWC
& SWGO




3%% Hess & Kolhorster 1912
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Particle Accelerators in Nature
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